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Genetically encoded calcium indicators (GECIs) have 
revolutionized neuroimaging by enabling mapping the 
activity of entire neuronal populations in vivo. 
Visualization of these powerful activity sensors has so far 
been limited to depth-restricted microscopic studies due 
to intense light scattering in the brain. We demonstrate, 
for the first time, in vivo real-time volumetric 
optoacoustic monitoring of calcium transients in adult 
transgenic zebrafish expressing the GCaMP5G calcium 
indicator. Fast changes in optoacoustic traces associated 
with GCaMP5G activity were detectable in the presence of 
other strongly absorbing endogenous chromophores, 
such as hemoglobin. The new functional optoacoustic 
neuroimaging method can visualize neural activity at 
penetration depths and spatio-temporal resolution 
scales not covered with the existing neuroimaging 
techniques. 
OCIS codes: (110.5120) Photoacoustic imaging, (000.1430) Biology and 
medicine, (170.3880) Medical and biological imaging 
https://doi.org/10.1364/OL.42.000959 
Brains of complex organisms process information using sequences 
of action potentials at scales ranging from local microcircuits of 
neighboring neurons to complex neural networks of more than ten 
billion cells [1, 2]. Identifying the complex spatio-temporal activity 
patterns in different areas of the brain is thus essential for a better 
understanding of the principles of neuronal signal processing [3]. 
In this regard, imaging of genetically encoded calcium indicators 
(GECI) arguably represents one of the most versatile approaches 
for investigating brain function [4-6] that can simultaneously 
detect activity from a significantly higher number of neurons as 
compared to the conventional electrode-based 
electrophysiological recordings [2]. To this end, GECIs have been 
widely employed for probing neuronal activity on a large range of 
spatio-temporal scales [7, 8]. 
More efficient probes are continuously being engineered [7-10]. Of 
particular relevance is the family of GCaMP proteins, which 
modulate fluorescent intensity as a function of intracellular 
calcium concentration [11, 12]. As opposed to small-molecule-
based calcium indicators, GECIs can be specifically expressed in 
specific types of cells [9]. In addition, new GCaMPs have been 
shown to outperform synthetic calcium indicators in sensitivity 
and speed, in a way that it was possible to detect, under certain 
conditions, fluorescent signals from single action potentials in 
intact brains [13]. Despite remarkable progress on the 
development of neuronal activity labels, the inherent penetration 
limitations of optical microscopy currently impose the most 
significant barrier for large-scale monitoring of brain activity. For 
instance, typical imaging depth of up to 0.5-1 mm and effective 
field-of-view well below 1mm3 of the most advanced two photon 
microscopy systems [14] make whole-brain in-vivo imaging only 
possible for simple or transparent organisms. An additional 
limitation lies in the effective spatio-temporal resolution range of 
state-of-the-art scanning-based microscopes, i.e. the number of 
voxels that can be effectively acquired in real time [15]. 
Optoacoustic imaging can overcome the light diffusion 
limitations by ultrasonically resolving light absorption distribution 
at depths of several millimeters to centimeters in biological tissues 
[16] and was previously shown capable of whole-brain imaging in 
mice at near-infrared wavelengths [17]. Optoacoustic tomographic 
image acquisition is based on simultaneous excitation of an entire 
imaged volume with a single laser pulse. Thus, the effective 
volumetric imaging rate is solely determined by the pulsed 
repetition frequency of the laser [18]. Therefore, real-time 3D 
imaging at wide range of spatio-temporal scales can be enabled 
[19]. Optoacoustics has also shown good sensitivity in detecting 
GCaMP5G signals induced by neural activity ex vivo in isolated 
brain preparations and in living transparent larvae [19]. As 
opposed to the majority of fluorescent calcium indicators, which 
mainly operate by changing their quantum yield as a function of 
calcium concentration, the GCaMP5G as well as most other 
indicators from the GCaMP family exhibit strong variations in the 
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absorption cross-section in response to neural activity, a desirable 
feature for optoacoustic neuroimaging. 
 
 
 
Fig. 1. (A) Layout of the experimental system. DAQ – data 
acquisition system. (B) Actual photograph of the zebrafish taken 
after the imaging experiment. Scalebar – 4mm. (C) Schematic 
drawing indicating the main functional areas in adult zebrafish 
brain (also superimposed in panel B. Tel – telencephalon, TeO – 
optic tectum, Cb – cerebellum.  
 
Herein, we investigate the feasibility of imaging calcium transients 
in the whole brain of a live adult zebrafish expressing the 
genetically encoded GCaMP5G indicator in a large fraction of its 
neurons. This represents a challenging environment for imaging as 
endogenous chromophores in the fish generate strong 
optoacoustic signals that may conceal responses from the calcium 
indicators. A lay-out of the experimental system employed is 
depicted in Fig. 1A. A previously reported spherical matrix array 
detector was used to collect three-dimensional optoacoustic 
images of the fish. The array consists of 256 densely-distributed 
piezocomposite detection elements with 4 MHz central frequency 
and a -6 dB bandwidth of 100% [20]. The individual elements have 
an approximate size of 3x3mm2. The spherical array has a surface 
with 40 mm radius of curvature and angular coverage of 90°. Its 
active surface was covered with agar gel to guarantee acoustic 
coupling to the imaged specimen. A nearly isotropic resolution in 
the range of 200 m is attained in the focal area of the spherical 
array geometry [20]. An adult (1.5 months old) wildtype 
HuC:GCAMP5G zebrafish was anesthetized with 0.015% of 
Tricaine solution and its skull was gently removed. The animal was 
then placed inside a groove made in the agar gel. Optoacoustic 
excitation was provided with an optical parametric oscillator 
(OPO)-based laser tuned to a wavelength of 488 nm (close to the 
peak excitation frequency of calcium-saturated GCaMP5G) and 
operated at pulse repetition frequency of 25 Hz with <5% pulse-
to-pulse energy fluctuations. To further minimize the effects of 
laser instability, the acquired optoacoustic signals were 
normalized using a photodiode readings. The light beam was 
guided with a custom-made fiber bundle to illuminate the brain, as 
illustrated in Fig. 1A. Optoacoustic reconstructions were 
performed using an iterative model-based algorithm described in 
detail in [21]. The fluorescence induced responses were 
simultaneously acquired with a high speed sCMOS camera (Model: 
pco.edge 4.2, PCO AG, Kelheim, Germany) containing a longpass 
filter for isolating the GCaMP5G fluorescence. The integration time 
of the camera was set to 200 ms. Handling, anesthesia, and 
imaging of zebrafish were all performed in full compliance with the 
institutional guidelines of the Helmholtz Center Munich and with 
approval from the Government District of Upper Bavaria under 
animal protocol reference number 55.2-1-54-2532-57-2016. 
Animals were euthanized by overdose of Tricane immediately 
after the imaging session.  
An actual photograph of the fish taken ex-vivo after the 
imaging experiment is displayed in Fig. 1B. Brain vasculature and 
other pigmentation, which produce strong background 
optoacoustic responses at the 488 nm peak excitation wavelength 
of the GCaMP5G probe, are clearly visible. 
To elicit calcium transients, 50 mM Pentylenetetrazole (PTZ) 
was applied via a syringe pump (flow rate of ~5 µL/s, volume 100-
200 µL) in the vicinity of the brain surface. PTZ is a blocker of the 
gamma amino butyric acid (GABA) receptor channel and is widely 
utilized to induce seizures in the zebrafish model [22]. The 
epifluorescence images for four different instants post injection of 
PTZ are displayed in Fig. 2A while the corresponding maximum 
intensity projections (MIPs) of the simultaneously acquired three 
dimensional optoacoustic images are shown in Fig. 2B. The entire 
acquired temporal image sequences are further available in 
Visualization 1. To better distinguish the GCaMP-related activity, 
Figs. 2C,D show temporal evolution of the differential optoacoustic 
signal ΔOA=OA-OA0 in individual slices lying at different depths in 
the brain. The baseline signal OA0 for each pixel was taken as an 
average of 10 optoacoustic signal values preceding the PTZ-
induced activation. Furthermore, a median filter over a window of 
5 frames was applied to the optoacoustic signal traces. This 
additional filtering step is necessary to reduce noise in the signal 
traces while better preserving the high frequency information in 
comparison with a simple smoothing (low pass) filter. Even 
though the epi-fluorescence recordings represent planar (surface-
projected) contributions of the GCaMP signal, we attempted to 
directly compare between planar epifluorescence and volumetric 
optoacoustic recordings by selecting approximately matching 
regions of interest (ROIs) indicated by circles in Figs. 2A-D, whose 
temporal traces are presented in Figs. 2E and 2F. Note that one ROI 
representing a background region outside the brain (purple circle) 
was also analyzed but the relative optoacoustic signal variations 
have been only manifested inside the brain. The relative variations 
of the fluorescence signals in the approximately corresponding 
ROIs are displayed in Fig. 2G. 
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Fig. 2. Imaging of neuronal activation in adult zebrafish brain 
following application of pentylenetetrazole. (PTZ) (A) Time course 
of planar epi-fluorescence images following injection of the agent 
at t = 0 s. (B) The corresponding MIPs along the depth direction of 
the three-dimensional optoacoustic images; (C), (D) Temporal 
evolution of the differential optoacoustic signal ΔOA=OA-OA0 in 
individual slices lying at average depths of 400 µm and 1.3 mm 
beneath the brain surface, respectively.  Scalebar – 3 mm. (E) 
Optoacoustic time traces from the ROIs marked by circles in panels 
b-d; (F) Corresponding time traces of the fractional optoacoustic 
signal variations ΔOA/OA0; (G) Fractional fluorescence signal 
variations for the ROIs marked by circles in panel a. The entire 
image sequence can be visualized in a supplementary video file 
(Visualization 1). 
 
While similar levels of relative signal increase due to calcium 
activity are observed in both fluorescence (ΔF/F0) and 
optoacoustic (ΔOA/OA0) modes, the overall signal variations turn 
to be different, which can be best appreciated in Visualization 1. 
This is generally expected because the planar epi-fluorescence 
images merely represent averaged (surface-projected) 
measurements lacking resolution in the depth direction, whereas 
optoacoustic measurements provide true volumetric traces. 
Furthermore, optoacoustic images exhibit much stronger tissue 
background (Fig. 2B, 0 s), which arises from strong absorption by 
intrinsic tissue chromphores, presumably hemoglobin and 
melanin. Nevertheless, the maximum optoacoustic signal changes 
generated by activated GCaMP5G is comparable in its magnitude 
to the signal associated to background tissue components (Fig. 2B, 
18 s). 
The presented results demonstrate, for the first time, the 
basic feasibility of optoacoustic monitoring of neural activity in a 
living adult zebrafish brain expressing genetically-encoded 
calcium indicators. In particular, strong calcium transients were 
optoacoustically detected in the presence of significant tissue 
background due to strong absorption by intrinsic tissue 
chromophores at 488 nm, peak absorption wavelength of the 
GCaMP5G protein. Several key limitations ought to be addressed 
before functional optoacoustic neuroimaging can be broadly 
applied for calcium imaging deep in scattering brains. While our 
method has demonstrated sufficient sensitivity for detecting 
strong calcium fluxes due to direct injection of neurostimulant into 
the brain, its detection sensitivity for other (physiologically 
relevant) stimuli must be established. Also, our current proof of 
concept experiments were done using a low resolution imaging 
setup optimized for imaging large tissue volumes, whereas cellular 
resolution is essential for accurate recording and interpretation of 
large-scale neural activity. In order to achieve such resolution 
performance, the ultrasonic detection bandwidth of the matrix 
array elements should be increased beyond 40 MHz, a challenging 
objective for the piezoelectric detection technology. Propagation of 
high frequency optoacoustic field is also significantly hampered by 
acoustic attenuation and strong speed of sound mismatches 
introduced by the skull [23, 24]. Note that, since a wild type adult 
zebrafish was used in our current experiments, skin and skull 
covering the brain area were removed in order to avoid light 
reflection and strong absorption by the skin pigmentation. Finally, 
when considering imaging larger brains, such as a whole mouse 
brain, the labeling approaches should be optimized for near-
infrared excitation wavelengths enabling deeper light penetration 
[16]. While optical microscopy suffers from limited imaging depth 
due to scattering and has further limitations in terms of attainable 
spatio-temporal resolution and field of view, the optoacoustic 
technology is ideally suited for simultaneous large-scale recording 
of entire volumes containing millions of neurons. Thus, future far-
red and near-infrared GECIs providing high fractional changes in 
their absorbance in response to calcium fluctuations may then 
serve to visualize never-seen-before large-scale neuronal activity 
patterns in mammals. 
In conclusion, we have demonstrated, for the first time to our 
knowledge, that optoacoustic imaging allows mapping calcium 
transients in vivo in an adult vertebrate organism with highly 
absorbing endogenous background. State-of the-art volumetric 
optical microscopy has significantly better spatial resolution 
dictated by the optical diffraction limit, but its typical fields of view 
are also orders of magnitude smaller, rendering those methods 
incapable of large-scale recordings from entire scattering brains. 
Conversely, macroscopic methods, such as fMRI or optical 
diffusion techniques, can visualize whole brain volumes but their 
spatio-temporal performance is inferior to real-time volumetric 
optoacoustic imaging and their signal is mainly limited to slow and 
indirect hemodynamic changes due to neuronal activity. Finally, 
since it was previously demonstrated that optoacoustics is ideally 
tailored for probing the hemodynamic parameters of the brain in 
action [25], the newly discovered capacity for simultaneous 
imaging of calcium indicators can be potentially exploited to 
 
 
        Vol. 42, No. 5 / March 1 2017 / Optics Letters                                                            Letter 
 
facilitate investigations into the mechanisms of neurovascular 
coupling. Thus, functional optoacoustics can provide 
unprecedented neuroimaging capabilities at penetration scales 
and spatio-temporal resolution levels not covered with existing 
imaging modalities. 
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